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Electron-Ion Collider: goals 
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 Electron-Ion Collider in USA is the project of a new collider of polarized 
electrons and ions on the base of  RHIC@BNL (eRHIC) or CEBAFa@JLab 
(JLEIC). 

• To provide continuity of the U.S. high-energy nuclear physics program after 
2025, when RHIC II and JLab@12 GeV will complete their programs. 

• To unite RHIC and JLab users and attract the international community. 

• To have a facility to test new concepts and technologies in accelerator 
physics.  

• To answer a central question of nuclear physics on the nature of visible 
matter around us: How do quarks and gluon form nucleons and nuclei? 

• To expand kinematic boundaries and precision of planned measurements: 
EIC should be a discovery and precision machine and a world-leading facility 
to study Quantum Chromodynamics (QCD). 



EIC: fundamental problems 
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• Proton mass puzzle: current quarks of the QCD 
Lagrangian carry ~10% of the proton mass. What is 
the role of quark-anquark quantum fluctuations and 
gluons? 

• Proton spin puzzle: quarks carry ~30% of the proton spin. What is the role 
of gluons and parton orbital motion? How are quarks and gluons distributed in 
coordinate and momentum space?  

How to “see” and quantify hadron structure? 

!  Our understanding of  hadron evolves 

Nucleon is a strongly interacting, relativistic bound state 
of  quarks and gluons 

1970s 1980s/2000s Now 

! Challenge: 

No modern detector can see quarks and gluons in isolation! 

! Question: 

How to quantify the hadron structure if  we cannot see quarks 
and gluons?            We need the probe! 

QCD factorization!  Not exact, but, controllable approximation! 

! Answer: 

LQCD =  ̄i(i(�
µDµ)ij �m�ij) j �
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EIC: fundamental problems (2) 
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• Gluon density in nuclei at high 
energies: How does nuclear matter effect 
the gluon density? Does gluon saturation 
take place at high gluon density and what 
are its properties? 

• Nature of hadronization and confinement: How do fast color changes 
interact with nuclear medium?

Jets, Hadronization 
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x > 0.1
25 GeV2 < Q2 < 45 GeV2

140 GeV < ν < 150 GeV
∫Ldt = 10 fb-1

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of virtual photons energy 

carried by hadron, z

ν	=	E-E’	=	100-200	GeV	to	keep	jet	within	nucleus	

√s	=	32-45	GeV	for	y=0.1	(keeping	jet	in	the	central	region	of	the	detector)	
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1.2.2 The Nucleus, a QCD Laboratory

The nucleus is a QCD “molecule”, with a complex structure corresponding to bound states
of nucleons. Understanding the formation of nuclei in QCD is an ultimate long-term goal of
nuclear physics. With its wide kinematic reach, as shown in Fig. 1.5 (Left), the capability
to probe a variety of nuclei in both inclusive and semi-inclusive DIS measurements, the
EIC will be the first experimental facility capable of exploring the internal 3-dimensional
sea quark and gluon structure of a fast-moving nucleus. Furthermore, the nucleus itself is
an unprecedented QCD laboratory for discovering the collective behavior of gluonic matter
at an unprecedented occupation number of gluons, and for studying the propagation of
fast-moving color charges in a nuclear medium.
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Figure 1.5: Left: The range in the square of the transferred momentum by the electron to the
nucleus, Q2, versus the parton momentum fraction x accessible to the EIC in e-A collisions at
two di↵erent center-of-mass energies, compared with the existing data. Right: The schematic
probe resolution vs. energy landscape, indicating regions of non-perturbative and perturbative
QCD, including in the latter, low to high saturated parton density, and the transition region
between them.

QCD at Extreme Parton Densities
In QCD, the large soft-gluon density enables
the non-linear process of gluon-gluon recom-
bination to limit the density growth. Such a
QCD self-regulation mechanism necessarily
generates a dynamic scale from the interac-
tion of high density massless gluons, known
as the saturation scale, Qs, at which gluon
splitting and recombination reach a balance.
At this scale, the density of gluons is ex-
pected to saturate, producing new and uni-
versal properties of hadronic matter. The
saturation scale Qs separates the condensed
and saturated soft gluonic matter from the
dilute, but confined, quarks and gluons in a
hadron, as shown in Fig. 1.5 (Right).

The existence of such a state of satu-
rated, soft gluon matter, often referred to as
the Color Glass Condensate (CGC), is a di-
rect consequence of gluon self-interactions in
QCD. It has been conjectured that the CGC
of QCD has universal properties common to
nucleons and all nuclei, which could be sys-
tematically computed if the dynamic satu-
ration scale Qs is su�ciently large. How-
ever, such a semi-hard Qs is di�cult to
reach unambiguously in electron-proton scat-
tering without a multi-TeV proton beam.
Heavy ion beams at the EIC could provide
precocious access to the saturation regime
and the properties of the CGC because the
virtual photon in forward lepton scattering
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- important for heavy ion physics 
- EIC allows us to control the photon energy 

and the size of nuclear matter  



EIC: “QCD microscope”  
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• The cleanest way to study microscopic structure of hadrons is to use deep 
inelastic scattering (DIS):

Deep-Inelastic Scattering (DIS)
Most of our understanding of the parton structure of hadrons comes from
Deep Inelastic Scattering (DIS) experiments. Electron-Ion Collider (EIC) 

!  A giant “Microscope”  – “see” quarks and gluons by breaking the hadron  

!  Why now? 

Exp:  advances in luminosity, energy reach, detection capability, …    

Thy:  breakthrough in factorization – “see” confined quarks and gluons, … 

e p 
�*, Z0, .. 

1/Q 
< 1/10 fm Q 

“see” the non-linear dynamics of  the glue! 

!  A sharpest “CT” – “imagine” quark/gluon  
                                            without breaking the hadron 

– “cat-scan” the nucleon and nuclei  
    with better than 1/10 fm resolution 

– “see” the proton “radius” of  gluon density 

• Main characteristics and advantages: 
- point-like probe → clean theoretical description and interpretation 
- control over parton kinematics 
- possibility to study semi-inclusive and exclusive (elastic) final states  → 3D parton 
structure.



Main EIC parameters: energy
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• Center of mass energy √s ~20-100 GeV, possibility to increase up to √s 
~150 GeV → opens wide coverage in Q2 and x.

110-4 10-1

Few-body/  
valence quark regime

Saturation 
regime

x	(proton)

Many-body  
regime

110-310-4 10-2 10-1
x	(Nuclei)

10-5

QCD radiation 
dominated regime

Going from large to small x nucleons and nuclei reveal their full structure

QCD radiation 
dominated regime

Many-body  
regime

10-3 10-2

Why large x-Q2 coverage is important
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• EIC covers non-perturbative,  
     perturbative and transition  
     regimes 
• EIC provides long evolution range  
     and Q2 up to ~1000 GeV2   (0.01 fm)



Main EIC parameters: luminosity
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• High luminosity 1033-34 sm-2s-1  → precision measurement of semi-inclusive 
and exclusive processes. 

JLEIC

Basic requirements for EIC
• Lepton Beam
  Provide clean and well-understood probe 

• Range of center-of-mass 
  energies
   -- for the parton description, minimal 
   c.m. energy=10 GeV is required; 
   to utilize QCD Q²-evolution equations, 
   c.m. energy=100 GeV is desirable;
   Ee=9-20 GeV, Ep=250 GeV, 
   EA=100 GeV/n
    --  variable energy to study FL

• High luminosity
The desired luminosity L >10³³ cm-2 s-1  

eRHIC Peak Luminosity vs. CM Energy
Science case areas indicate the range of peak luminosities with which a statistically 
significant result can be achieved in about one year (107 sec) of running.
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Main EIC parameters: polarization
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• High degree of polarization ~70% of beams of electrons, protons, light nuclei 
(D, He-3) → polarized DIS, 3D parton distributions from semi-inclusive (TMDs) 
and exclusive processes (GPDs).

Insights from the semi-inclusive measure-
ments are complementary to those from the
inclusive measurements. Specifically, they
make it possible to delineate the quark and
anti-quark spin contributions by flavor, since

�q and �q̄ appear with di↵erent weights in
Eq. (2.11). A large body of semi-inclusive
data sensitive to nucleon helicity structure
has been collected by the experiments at
CERN [41, 42, 43] and DESY [44].
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Figure 2.5: Regions in x, Q
2 covered by previous spin experiments and anticipated to be

accessible at an EIC. The values for the existing fixed-target DIS experiments are shown as
data points. The RHIC data are shown at a scale Q

2 = p
2
T , where pT is the observed jet

(pion) transverse momentum, and an x value that is representative for the measurement at that
scale. The x-ranges probed at di↵erent scales are wide and have considerable overlap. The
shaded regions show the x, Q2 reach of an EIC for center-of-mass energy

p
s = 45 GeV and

p
s = 140 GeV, respectively.

A further milestone in the study of the
nucleon was the advent of RHIC, the world’s
first polarized proton+proton collider. In the
context of the exploration of nucleon spin
structure, the RHIC spin program is a log-
ical continuation. Very much in the spirit
of the unpolarized hadron colliders in the
1980’s, RHIC entered the scene to provide
complementary information on the nucleon
that is not readily available in fixed-target
lepton scattering. The measurement of the
spin-dependent gluon distribution �g(x,Q2)

in the proton is a major focus and strength
of RHIC. Here the main tools are spin asym-
metries in the production of inclusive pi-
ons [45, 46, 47, 48] and jets [49, 50, 51, 52]
at large transverse momentum perpendicular
to the beam axis, which sets the hard scale
Q in these reactions. Their reach in x and
Q

2 is also indicated in Fig. 2.5. Unlike DIS,
the processes used at RHIC do not probe the
partons locally in x, but rather sample over a
region in x. RHIC will also provide comple-
mentary information on �u,�ū,�d,�d̄ for

24

• Wide region of Q2 and small x in polarized DIS → determination of the gluon 
contribution ΔG to the proton spin. 



Main EIC parameters: nuclei
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• Acceleration of light (D, He-3) and heavy (U, Pb) nuclei → for the first time 
nuclear DIS at a collider → quark and gluon nuclear densities at small x, 
search for possible saturation of the gluon density.

high-energy scattering o↵ nuclei? One of the main predictions of saturation
physics is that the x-dependence of DIS cross-sections and structure functions, along
with other observables, is described by nonlinear evolution equations. Discovery of the
saturation regime would not be complete without unambiguous experimental evidence
in favor of these nonlinear equations.

• What is the momentum distribution of gluons and sea quarks in nuclei?
What is the spatial distribution of gluons and sea quarks in nuclei? The
physics of multiple rescatterings at larger-x, along with, if found, parton saturation,
would allow us to reconstruct the momentum and impact parameter distributions of
gluons and sea quarks in nuclei. At small-x the transverse momentum distribution
may allow us to identify the saturation scale Qs.

• Are there strong color (quark and gluon density) fluctuations inside a
large nucleus? How does the nucleus respond to the propagation of a
color charge through it? Our understanding of the spatial and momentum space
distributions of quarks and gluons inside the nuclei would not be complete without
studying their fluctuations. The typical size of color fluctuations can be measured
by sending a quark probe through the nucleus. Conversion of the quark probe into
a hadron (hadronization) may be a↵ected by the nuclear environment, giving us a
chance at a better understanding of the process.
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Key experiments: gluon polarization 
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• Proton spin in QCD:

1

2
=

1

2
�⌃+�G+ Lq + LgHow to “see” and quantify hadron structure? 

!  Our understanding of  hadron evolves 

Nucleon is a strongly interacting, relativistic bound state 
of  quarks and gluons 

1970s 1980s/2000s Now 

! Challenge: 

No modern detector can see quarks and gluons in isolation! 

! Question: 

How to quantify the hadron structure if  we cannot see quarks 
and gluons?            We need the probe! 

QCD factorization!  Not exact, but, controllable approximation! 

! Answer: 

How to “see” and quantify hadron structure? 
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No modern detector can see quarks and gluons in isolation! 

! Question: 

How to quantify the hadron structure if  we cannot see quarks 
and gluons?            We need the probe! 

QCD factorization!  Not exact, but, controllable approximation! 

! Answer: 

How to “see” and quantify hadron structure? 

!  Our understanding of  hadron evolves 

Nucleon is a strongly interacting, relativistic bound state 
of  quarks and gluons 

1970s 1980s/2000s Now 

! Challenge: 

No modern detector can see quarks and gluons in isolation! 

! Question: 

How to quantify the hadron structure if  we cannot see quarks 
and gluons?            We need the probe! 

QCD factorization!  Not exact, but, controllable approximation! 

! Answer: 

Quark polarization: 
measured well with fixed targets

→ “spin crisis”. 

Gluon polarizarion: RHIC spin 
physics,  large uncertainty due to 
small-x region contribution

Orbital angular 
momentum of partons: 
unknown, access via GPD 
and TMD calculations in 
lattice QCD

�G =

Z xmax

xmin

dx�g(x) ⇠ 0± 20%

1

2

X

q=u,d,s

Z
dx(�q(x) +�q̄(x)) ⇠ 30%
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Key experiments: gluon polarization (2) 
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• Measurement of proton spin-dependent structure function g1p(x,Q2) and 
extraction of Δg(x) using scaling violations: 
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Figure 2.6: EIC pseudo-data on the inclusive spin structure function g1(x,Q2) versus Q
2 at

fixed x for 5 GeV and 20 GeV electron beams colliding with 100 GeV and 250 GeV proton beam
energies at an EIC, as indicated. The error bars indicate the size of the statistical uncertainties.
The data set for each x is o↵set by a constant c(x) for better visibility. The bands indicate the
current uncertainty as estimated in the modern DSSV+ analysis.

To illustrate the tremendous impact of
EIC measurements of inclusive and semi-
inclusive polarized deep-inelastic scattering
on our knowledge of helicity parton distri-
butions, a series of perturbative QCD analy-
ses were performed [66] with realistic pseudo-
data for various center-of-mass energies. The
data simulations were based on the PEPSI

Monte Carlo generator [67]. The precision
of the data sets corresponds to an accumu-
lated integrated luminosity of 10 fb�1 (or one
to two months of running for most energies
at the anticipated luminosities) and an as-
sumed operations e�ciency of 50%. A min-
imum Q

2 of 1GeV2 was imposed, as well
as W

2
> 10GeV2, a depolarization factor

28

dgp1(x,Q
2)

d logQ2
/ ��g(x,Q2)

scaling of the data with Q
2 at large x in early DIS data from SLAC was termed “Bjorken

scaling” and motivated the parton model. Violations of this scaling are predicted by the
QCD evolution equations for parton densities. They are especially strong at small x. We
note that our experimental knowledge of FL is considerably less precise than that of F2.

Figure 2.4 (Right) shows the world data of the polarised structure function g1 as a
function of Q2 for fixed values of x for scattering on a proton. The covered x�Q

2 range is
significantly smaller than that for the unpolarized measurements, which is due to the fact
that there has been no collider with both polarized lepton- and hadron-beams.
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2. The world
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World data 

The Spin and Flavor Structure of the
Nucleon
An intensive and worldwide experimental
program over the past two decades has shown
that the spin of quarks and antiquarks is only
responsible for ⇠ 30% of the proton spin.
Recent RHIC results indicate that the glu-
ons’ spin contribution in the currently ex-
plored kinematic region is non-zero, but not
yet su�cient to account for the missing 70%.
The partons’ total helicity contribution to
the proton spin is very sensitive to their min-
imum momentum fraction x accessible by
the experiments. With the unique capabil-
ity to reach two orders of magnitude lower in
x and to span a wider range of momentum
transfer Q than previously achieved, the EIC
would o↵er the most powerful tool to pre-
cisely quantify how the spin of gluons and
that of quarks of various flavors contribute
to the protons spin. The EIC would re-
alize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range
from 0.001 to 1.0. This would be achieved
by the EIC in its early stage of operation.
At the later stage, the kinematic range could
be further extended down to x ⇠ 0.0001 re-
ducing significantly the uncertainty on the
contributions from the unmeasured small-x
region. While the central values of the he-
licity contributions in Fig. 1.2 are derived
from existing data, they could change as new
data become available in the low- x region.
The uncertainties calculated here are based
on the state-of-the art theoretical treatment
of all available data related to the nucleon
spin puzzle. Clearly, the EIC will make
a huge impact on our knowledge of these
quantities, unmatched by any other existing
or anticipated facility. The reduced uncer-
tainties would definitively resolve the ques-
tion of whether parton spin preferences alone
can account for the overall proton spin, or
whether additional contributions are needed
from the orbital angular momentum of par-
tons in the nucleon.
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Current polarized DIS data:
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Current polarized BNL-RHIC pp data:
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q
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di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.
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Key experiments: 3D parton distributions
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• Determination of 3D parton distributions requires two 
scales: large Q2 for parton localization and small (t, kT) for 
distances O(fm). 

• Examples: hard exclusive processes, hybrid between 
inclusive and elastic scattering

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 19). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-

17

“Big” questions to be answered, … 

! How to probe the spatial distribution of  quarks and gluons? 
Need observables with two different momentum scales: 

Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

# Hard scale:           localizes the probe to see the 
                                      particle nature of  quarks/gluons  

Q1

#  “Soft” scale:         could be more sensitive to the  
                                      information at “fermi” scale 

Q2

# Observables with TWO very different scales – QCD collinear factorization  

!  Two-scale observables with the hadron unbroken: 

+ + 

GPD 

+ … 

J/�, �, … 

DVCS: Q2 >> |t| DVEM: Q2 >> |t| EHMP: Q2 >> |t| 

t=(p1-p2)2 

# GPDs:  Fourier Transform of  t-dependence gives spatial bT-dependence 

Deeply virtual Compton 
scattering (DVCS) Deeply virtual meson production (DVMP)

• Fourier transformation w/respect momentum transfer t gives bT-dependence.



Кey experiments: 3D parton distributions (3)  
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• Cross sections are expressed in terms of generalized parton distributions 
(GPDs), encoding QCD tomography of the target. 
• GPDs are important for resolution of the proton “spin crisis”:

• GPDs contain information on sheer forces experienced by partons in proton/
nuclei and also possible non-nucleonic degrees of freedom in nuclei. 

J
q =

1

2

Z
dx x[Hq(x, ⇠, t = 0) + E

q(x, ⇠, t = 0)] =
1

2
�q + Lq

parton imaging, the longitudinal momentum
of the parton before and after the scattering
is in fact not the same. The generalized par-
ton distributions that describe the nucleon
structure in these processes thus depend on
two momentum fractions, x+ ⇠ and x� ⇠ as
shown in the Sidebar on page 43. Whereas ⇠
can be directly measured via the longitudinal
momentum transferred to the proton, x is in-
tegrated over in the expression of the scatter-
ing amplitude. However, one finds that the
typical values of x in this integral are of order
⇠. In the first instance, exclusive measure-
ments thus yield integrals over GPDs that
can be turned into the distribution of par-
tons with a transverse position bT in the pro-

ton and with momentum fractions smeared
around ⇠.

Information about the separate depen-
dence on x and ⇠ is contained in the de-
pendence of GPDs on the resolution scale
Q

2, given that a change in resolution scale
changes their x dependence in a calculable
way while leaving ⇠ and �T untouched. To
reconstruct the x dependence of GPDs by
measuring the Q

2 dependence of exclusive
processes at given ⇠ is challenging because
the relevant variation in Q

2 is only logarith-
mic. To be successful, such a program re-
quires precise data in as wide a range of Q2

and ⇠ as possible.

Orbital Motion and Angular Momen-
tum Exclusive processes with polarized
beams open up unique possibilities to study
spin-orbit correlations of quarks and gluons
in the nucleon. A correlation of particular

interest is the shift in the transverse distri-
bution of partons induced by transverse po-
larization ST of the proton, which has the
form [84]

f
*(x, bT ) = f(x, b2T ) +

(ST ⇥ bT )z

M

@

@b2T
e(x, b2T ) , (2.15)

where M is the proton mass. The distri-
butions f(x, b2T ) and e(x, b2T ), which give
the impact parameter distribution of unpo-
larized partons and its polarization induced
shift, are respectively obtained by a two-
dimensional Fourier transform from the gen-
eralized parton distributions H(x, ⇠, t) and
E(x, ⇠, t) at ⇠ = 0 (see the Sidebar on
page 43). This shift is the position space ana-
log of the Sivers e↵ect discussed in Sec. 2.3,
where transverse proton polarization induces
an anisotropy in the transverse momentum
of a parton. The shifts in transverse posi-
tion and in transverse momentum give inde-
pendent information about spin-orbit corre-
lations at the parton level.

A dynamical connection between the two
phenomena, called chromodynamic lensing,
has been formulated in [86]. As explained
in Sec. 2.3, the Sivers e↵ect arises from
the interaction of the scattered parton with

the proton remnant. The shift in the spa-
tial distribution of the parton described by
Eq. (2.15) goes along with a shift in the spa-
tial distribution of the remnant, which leads
to an anisotropy in the transverse momen-
tum of the scattered parton. This connec-
tion is explicitly seen in simple model calcu-
lations where the proton is represented as a
bound state of a quark and a diquark, with
their interaction via gluon exchange being
treated in perturbation theory [79, 87]. At
the EIC, it will be possible to measure both
the Sivers e↵ect and the GPDs H and E that
enter in Eq. (2.15). The comparison of their
size, sign and x dependence will yield infor-
mation about the non-perturbative interac-
tions between active and spectator partons
in the nucleon.

The spin-orbit correlation described by
Eq. (2.15) is intimately connected with the
orbital angular momentum carried by par-
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EIC pseudo data
20 GeV on 250 GeV

∫Ldt = 100 fb-1
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Figure 2.23: Top: The DVCS polarization asymmetry A
sin(���S)
UT for a transversely polarized

proton (see [115] for a precise definition). Middle: The spatial distribution of sea quarks in an
unpolarized proton (left) and in a proton polarized along the positive x axis (right) obtained
from a GPD fit to simulated data for d�DVCS/dt and A

sin(���S)
UT . The bands represent the

parametric errors of the fit and the uncertainty from extrapolating the t spectrum outside the
measured region. Bottom: The corresponding density of partons in the transverse plane.
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• In the case of transversely-
polarized target, bT-dependence 
of GPDs depends on spin-orbit 
correlations (like in Sivers effect):  



Key experiments: nuclear gluon distribution
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• Nuclear gluon distribution gA(x,µ2) = density of gluons in nuclei as function of 
momentum fraction x at resolution µ, necessary input for phenomenology of 
hard processes with nuclei at high energies (RHIC, LHC).

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was made as only one type of data sensitive to the large-x valence quarks
was included in these fits. Indeed, at large x, one can approximate

dσℓ+A
DIS ∝

(
4

9

)

uAV +

(
1

9

)

dAV ∝ upV

[

RA
uV

+RA
dV

dpV
upV

Z + 4N

N + 4Z

]

≈ upV

[

RA
uV

+
1

2
RA

dV

]

, (4)

which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[18]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
in the paper.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[18]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity.

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [26, 27]. An example of these data are shown in Fig. 3. Although the
pion data included in eps09 and dssz are not exactly the same, it may still look surprising how
different the resulting RA

g are. The reason lies (as noted also e.g. in [28]) in the use of different

parton-to-pion fragmentation functions (FFs) Dk→π+X(z,Q2) in the calculation of the inclusive
pion production cross sections

dσd+Au→π+X =
∑

i,j,k

fd
i ⊗ dσ̂ij→k ⊗ fAu

j ⊗Dk→π+X . (5)

4

• gA(x,µ2) is known from available 
data with significant uncertainties 
(fixed-target DIS , dA@RHIC, pA@LHC) 
due to: 
- limited range of energies, Q2 and x 
- indirect determination using scaling 

violation (Q2 dependence F2A(x,Q2) 

Rg(x,Q
2) =

gA(x,Q2)

Agp(x,Q2)



Кey experiments: nuclear gluon distribution (2)
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• High and variable energies at EIC will allow one to measure the nuclear 
structure functions F2A(x,Q2) and FLA(x,Q2) in a wide range of x, Q2 - “first-day 
measurement” 

• Longitudinal structure function FLA(x,Q2) directly probes gA(x,µ2).
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Figure 3.21: The ratio of nuclear over nucleon F2 structure function, R2, as a function of
Bjorken x, with data from existing fixed target DIS experiments at Q2

> 1 GeV2, along with
the QCD global fit from EPS09 [153]. Also shown are the respective coverage and resolution
of the same measurements at the EIC at Stage-I and Stage-II. The purple error band is the
expected systematic uncertainty at the EIC assuming a ±2% (a total of 4%) systematic error,
while the statistical uncertainty is expected to be much smaller.

suppressed by the small perturbative probing
size, they can be enhanced by the number of
nucleons at the same impact parameter in a
nucleus and large number of soft gluons in
nucleons. Coherent multiple scattering nat-
urally leads to the observed phenomena of
nuclear shadowing: more suppression when
x decreases, Q decreases, and A increases.
But, none of these dependences could have
been predicted by the very successful lead-
ing power DGLAP-based QCD formulation.

When the gluon density is so large at
small-x and the coherent multi-parton inter-
actions are so strong that their contributions
are equally important as that from single-
parton scattering, measurements of the DIS
cross-section could probe the new QCD phe-
nomenon - the saturation of gluons discussed
in the last section. In this new regime, which
is referred to as a Color Glass Condensate
(CGC) [137, 134], the standard fixed order
perturbative QCD approach to the coherent

multiple scattering would be completely in-
e↵ective. The resummation of all powers of
coherent multi-parton interactions or new ef-
fective field theory approaches are needed.
The RHIC data [171, 172] on the correla-
tion in deuteron-gold collisions indicate that
the saturation phenomena might take place
at x . 0.001 [171, 172]. Therefore, the re-
gion of 0.001 < x < 0.1, at a su�ciently
large probing scale Q, could be the most
interesting place to see the transition of a
large nucleus from a diluted partonic sys-
tem — whose response to the resolution of
the hard probe (the Q

2-dependence) follows
linear DGLAP evolution — to matter com-
posed of condensed and saturated gluons.

This very important transition region
with Bjorken x 2 (0.001, 0.1) could be best
explored by the EIC, as shown in Fig. 3.21.
At stage-I, the EIC will not only explore this
transition region, but will also have a wide
overlap with regions that have been and will
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5.1.6. Predictions for nuclear PDFs
We present the results of our calculations of nuclear PDFs in terms of the following ratios:

Rj =
fj/A(x,Q 2)

Afj/N(x,Q 2)
,

RF2 =
F2A(x,Q 2)

AF2N(x,Q 2)
, (121)

where Afj/N ⌘ Zfj/p +Nfj/n; AF2N ⌘ ZF2p +NF2n; the subscripts p and n refer to the proton and neutron, respectively. For the
PDFs and structure functions of the neutron, we used the charge symmetry, e.g., fu/n(x,Q 2) = fd/p(x,Q 2).

Figs. 31–34 present our predictions for Rj and RF2 for the nuclei of 40Ca and 208Pb.
In Figs. 31 and 32, we compare predictions made using the two models for the effective cross section �

j
soft that we

discussed in Section 5.1.2. The curves labeled ‘‘FGS10_H’’ correspond to the calculation with �
j(H)
soft (x,Q 2

0 ) given by Eq. (106);
the curves labeled ‘‘FGS10_L’’ correspond to the calculation with �

j(L)
soft (x,Q

2
0 ) of Eq. (115). (The effective cross sections

�
j(H)
soft (x,Q 2

0 ) and �
j(L)
soft (x,Q

2
0 ) are compared in Fig. 29.) The curves in Fig. 31 correspond to the input scale Q 2

0 = 4 GeV2;
the curves in Fig. 32 correspond to Q 2 = 100 GeV2. The four upper panels are for 40Ca; the four lower panels are for 208Pb.
One can see from Fig. 31 that the difference in the predictions of nuclear shadowing in the two models is not large (it is
smaller that the uncertainty associated with the diffractive slope Bdiff). Moreover, as one can see from Fig. 32, the difference
between the two models decreases with increasing Q 2.

In Figs. 33 and 34,Rj andRF2 are given as functions of Bjorken x forQ 2 = 4GeV2 (input) andQ 2 = 10, 100 and 10,000GeV2

(after the QCD evolution). For the Rj ratio, the predictions are given for the ū and c quarks and gluons. For RF2 , next-to-leading
(NLO) nuclear and nucleon structure functions are used.

Several features of our predictions need to be pointed out. First, at the input scale, Q 2
0 = 4 GeV2, and also after the

evolution to not very large Q 2, nuclear shadowing in the gluon channel is larger than in the quark channel. This is a natural
consequence of the fact that the gluon diffractive PDF is much larger than the quark ones, see Fig. 19. As one increases Q 2,
nuclear shadowing in the gluon channel decreases faster than in the quark channel and rapidly becomes compatible to that
in the quark channel. This is the effect of antishadowing for the gluon nPDF, which feeds into the QCD evolution equations
and reduces nuclear shadowing in the gluon channel for Q 2 > Q 2

0 .
Second, the Q 2 evolution of Rj and RF2 is slow. This is a manifestation of the leading twist nature of nuclear shadowing in

our approach.
Third, nuclear shadowing is larger for heavier nuclei.
Figs. 33 and 34 give just several examples of our predictions for nuclear PDFs and nuclear structure functions. The

complete set of predictions, which involve the nuclei of 12C, 40Ca, 110Pd, 197Au and 208Pb and cover the wide kinematics
range of 10�5  x  0.95 and 4  Q 2  10, 000 GeV2, can be found at http://www.jlab.org/~vguzey. In addition, these
predictions and the predictions of all groups performing global fits to nuclear PDFs can be conveniently and easily obtained
using the online generator of nuclear PDFs at http://lapth.in2p3.fr/npdfgenerator.

5.2. Nuclear shadowing in the longitudinal structure function FA
L (x,Q 2)

The longitudinal structure function FL(x,Q 2) is sensitive to the gluon distribution at small x. To the leading order in the
strong coupling constant ↵s, it reads [58]:

FL(x,Q 2) =
2↵s(Q 2)

⇡

Z 1

x

dy
y

✓
x
y

◆2 nfX

q
e2q

"✓
1 �

x
y

◆
yg(y,Q 2) +

2
3

�
q(x,Q 2) + q̄(x,Q 2)

�
#

, (122)

where the sum runs over quark flavors; nf is the number of active flavors at given Q 2.
Fig. 35 presents our predictions for the ratio of the nuclear to nucleon longitudinal structure functions,

FA
L (x,Q 2)/[AFN

L (x,Q 2)], as a function of Bjorken x at different values of Q 2. The upper row of panels corresponds to 40Ca; the
lower row is for 208Pb. The two sets of curves correspond to models FGS10_H and FGS10_L. As one can see from the figure,
the amount of nuclear shadowing for FA

L (x,Q 2) is compatible with that of the nuclear gluon PDF, see Figs. 33 and 34.
As we explained in the Introduction, the measurement of the longitudinal structure function in inclusive DIS with nuclei

presents a new and promising opportunity to determine the nuclear gluon parton distribution.
Large nuclear shadowing effects in the nuclear longitudinal structure function, which are similar in magnitude to the

large nuclear shadowing in the nuclear gluon distribution, were also predicted in the approach based on nPDFs extracted
from the global QCD fits to the available data for x � 10�2 and various guesses about the behavior of nPDFs at smaller
x [173].

Deep Inelastic Scattering: Structure Functions

The cross-sections for neutral-current deep inelastic scattering (e + N �! e
0 + X) on

unpolarized nucleons and nuclei can be written in the one photon exchange approximation
(neglecting electroweak e↵ects) in terms of two structure functions F2 and FL:

d
2
�

dx dQ2
=

4⇡↵2

xQ4

✓
1� y +

y
2

2

◆
F2(x,Q

2)�
y
2

2
FL(x,Q

2)

�
. (2.1)

For practical purposes, often the reduced cross-section, �r, is used:

�r =

✓
d
2
�

dx dQ2

◆
xQ

4

2⇡↵2[1 + (1� y)2]
= F2(x,Q

2)�
y
2

1 + (1� y)2
FL(x,Q

2) . (2.2)

For longitudinally polarized proton and electron beams, the neutral current cross-section
for deep inelastic scattering can be written in terms of one structure function g1:

1

2


d
2
�
! 

dx dQ2
�

d
2
�
!!

dx dQ2

�
'

4⇡ ↵
2

Q4
y (2� y) g1(x,Q

2) , (2.3)

where the superscript arrows represent electron and proton longitudinal spin directions and
the terms suppressed by x

2
M

2
/Q

2 have been neglected.
Experimentally F2, FL and g1 can be measured in inclusive scattering, i.e., the final

hadronic state, X, does not need to be analyzed. The relevant kinematic variables x, Q2,
and y, can be reconstructed from the measured scattered lepton alone.

F2, FL and g1 are proportional to the cross-section for the hadronic subprocess �⇤+p !

X, which gets contributions from the di↵erent polarization states of the virtual photon.
F2 corresponds to the sum over transverse and longitudinal polarizations and the structure
function FL to longitudinal polarization of the virtual photon (i.e., helicity =0). The g1

structure function is sensitive to the transverse polarization of the virtual photon (i.e.,
helicity =±1).

Equation 2.2 shows that the longitudinal structure function FL starts to contribute
to the cross-section at larger values of y but is negligible at very small values of y. To
separate the structure functions FL and F2 for a given x and Q

2, one needs to measure the
cross-section for di↵erent values of y and hence di↵erent e+p collision energies.

At large Q2 and to leading order (LO) in the strong coupling ↵s, the structure functions
F2 and g1 are respectively sensitive to the sum over unpolarized and longitudinally polarized
quark and anti-quark distributions in the nucleon,

F2(x,Q
2) = x

X
e
2
q

⇥
q(x,Q2) + q̄(x,Q2)

⇤
, (2.4)

g1(x,Q
2) =

1

2

X
e
2
q

⇥
�q(x,Q2) +�q̄(x,Q2)

⇤
, (2.5)

where eq denotes a quark’s electric charge.
At large Q

2, one has FL = 0 at LO, i.e., this structure function receives its first con-
tributions at order ↵s. It is thus particularly sensitive to gluons, especially at low x where
the gluon densitiy is much larger than the densities for quarks and anti-quarks.

Figure 2.4 (Left) shows the world data of the reduced cross-section, �r / F2, as a
function of Q2 for a wide range of fixed values of x for scattering on a proton. The apparent

20



Nuclear gluon density from J/𝜓 
photoproduction on nuclei at the LHC   

!16

• Before EIC, new constraints on gA(x,µ2) at small x were obtained by 
analyzing the data on coherent photoproduction J/𝜓 on nuclei in Pb-Pb 
ultreperipheral collisions (UPCs), Guzey Zhalov, Kryshen, Strikman, 2012-2017  
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• The cross section is proportional to the gluon density squared →  the ratio 
of cross sections of the nucleus/proton = factor of nuclear modification/
suppression of gA(x,µ2). 
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Key experiments: gluon saturation
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• As the collision energy increases (х decreases),  
the gluon density increases due to gluon 
radiation (DGLAP, BFKL): What causes the low-x rise? 

    gluon radiation   
    – non-linear gluon interaction 
 
What tames the low-x rise? 
   gluon recombination  
    – non-linear gluon interaction 

“Big” questions to be answered, … 

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)
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!  Particle vs. wave feature: 
Key Topic in eA: Gluon Saturation (I)
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In QCD, the proton is made up 
of quanta that fluctuate in and 
out of existence 
• Boosted proton: 
‣ Fluctuations time dilated on 

strong interaction time 
scales  

‣ Long lived gluons can 
radiate further small x 
gluons! 

‣ Explosion of gluon density 
! violates unitarity
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New Approach: Non-Linear Evolution 
• New evolution equations at  low-x & low to moderate Q2 

• Saturation of gluon densities characterized by scale Qs(x) 
• Wave function is Color Glass Condensate
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= at  Qs 

Gluon saturation – Color Glass Condensate 
    Radiation  =  Recombination  

Leading to a collective gluonic system? 

with a universal property of  QCD?  

new effective theory QCD – CGC? 

!  Run away gluon density at small x? 

• At some point, radiation is compensated by 
recombination → saturation  
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Gluon saturation – Color Glass Condensate 
    Radiation  =  Recombination  

Leading to a collective gluonic system? 

with a universal property of  QCD?  

new effective theory QCD – CGC? 

!  Run away gluon density at small x? 

• A new dynamical saturation scale Qs from the estimate ρ×σgg→g ~1   

Saturation scale

• Nuclear enhancement of Qs is a kew factor for EIC!   
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Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Note that
the gluon and sea quark distributions are scaled down by a factor of 20. Clearly gluons dominate
at small-x.

the figure. One can also observe that the
gluon distribution dominates over those of
the valence and “sea” quarks at a moderate
x below x = 0.1. Remembering that low-
x means high energy, we conclude that the
part of the proton wave-function responsible
for the interactions in high energy scattering
consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [122].

To understand the onset of the dense
regime, one usually employs QCD evolution
equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-

tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow
one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x0, Q2

0). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q

2
0, the DGLAP equation

allows one to find the parton distributions at
Q

2
> Q

2
0 at all x where DGLAP evolution

is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x0 > x and all Q

2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[123, 124]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
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Key experiments: gluon saturation (2)
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• The regime of gluon saturation was theoretically predicted in the color glass 
condensate (CGC) framework. 

• Despite may successful phenomenological applications at RHIC and LHC, 
there is no convincing evidence of onset of this new regime of low-x QCD.  
• At EIC, it is proposed to look for saturation by studying inclusive, diffractive 
and exclusive DIS. 

probes matter coherently over a character-
istic length proportional to 1/x, which can
exceed the diameter of a Lorentz-contracted
nucleus. Then, all gluons at the same im-
pact parameter of the nucleus, enhanced by
the nuclear diameter proportional to A1/3

with the atomic weight A, contribute to the

probed density, reaching saturation at far
lower energies than would be needed in elec-
tron+proton collisions. While HERA, RHIC
and the LHC have only found hints of sat-
urated gluonic matter, the EIC would be in
a position to seal the case, completing the
process started at those facilities.

1 10
0

0.5

1

1.5

2

2.5

3

R
a

tio
 o

f 
d

iff
ra

ct
iv

e
-t

o
-t

o
ta

l c
ro

ss
-

se
ct

io
n

 f
o

r 
e

A
u

 o
ve

r 
th

a
t 
in

 e
p

non-saturation model (LTS)

saturation model

stat. errors & syst. uncertainties enlarged (× 10)

Q2 = 5 GeV2

x = 3.3×10-3

eAu stage-I

Mx
2 (GeV2)

∫Ldt = 10 fb-1/A 

1 2 3 4 5 6 7 8 9 10

2.2

2.0

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

φ saturation (bSat)

 R
a

tio
 o

f 
co

h
e

re
n

t 
d

iff
ra

ct
iv

e
 c

ro
ss

 s
e

ct
io

n
s 

 f
o

r 
D

IS
 o

n
 g

o
ld

 t
o

 D
IS

 o
n

 p
ro

to
n

e  + p(Au) →  e’ + p’(Au’) + V

     φ no saturation

     J/ψ no saturation

  J/ψ saturation (bSat)

Experimental Cuts:
|η(Vdecay products)| < 4
p(Vdecay products) > 1 GeV/c

Coherent events only

stage-II,  ∫Ldt = 10 fb-1/A

x < 0.01

Q2(GeV2)

Figure 1.6: Left: The ratio of di↵ractive over total cross-section for DIS on gold normalized
to DIS on proton plotted for di↵erent values of M2

X, the mass squared of hadrons produced in
the collisions for models assuming saturation and non-saturation. The grey bars are projected
systematic uncertainties. Right: The ratio of the coherent di↵ractive cross-section in e+Au
to e+p collisions normalized by A

4/3 and plotted as a function of Q2 for both saturation and
non-saturation models. The 1/Q is e↵ectively the initial size of the quark-antiquark systems (�
and J/ ) produced in the medium.

Figure 1.6 illustrates some of the dra-
matic predicted e↵ects of gluon density
saturation in electron+nucleus vs. elec-
tron+proton collisions at an EIC. The left
frame considers coherent di↵ractive pro-
cesses, defined to include all events in which
the beam nucleus remains intact and there is
a rapidity gap containing no produced par-
ticles. As shown in the figure, gluon satura-
tion greatly enhances the fraction of the total
cross-section accounted for by such di↵rac-
tive events. An early measurement of co-
herent di↵raction in e + A collisions at the
EIC would provide the first unambiguous ev-

idence for gluon saturation.
Figure 1.6 (Right) shows that gluon satu-

ration is predicted to suppress vector meson
production in e + A relative to e + p colli-
sions at the EIC. The vector mesons result
from quark-antiquark pair fluctuations of the
virtual photon, which hadronize upon the ex-
change of gluons with the beam proton or nu-
cleus. The magnitude of the suppression de-
pends on the size (or color dipole moment) of
the quark-antiquark pair, being significantly
larger for produced � (red points) than for
J/ (blue) mesons. An EIC measurement of
the processes in Fig. 1.6 (Right) will provide

8

Di↵ractive Scattering

Di↵ractive scattering has made a spectacular comeback with the observation of an unex-
pectedly large cross-section for di↵ractive events at the HERA e+p collider. At HERA,
hard di↵ractive events, e(k) +N(p) ! e

0(k0) +N(p0) +X, were observed where the proton
remained intact and the highly virtual photon fragmented into a final state X that was sep-
arated from the scattered proton by a large rapidity gap without any particles. These events
are indicative of a color neutral exchange in the t-channel between the virtual photon and
the proton over several units in rapidity. This color singlet exchange has historically been
called the pomeron, which had a specific interpretation in Regge theory. An illustration of
a hard di↵ractive event is shown in Fig. 3.2.

k

k'

p'
p

q

gap

Mx

Figure 3.2: Kinematic quantities for the de-
scription of a di↵ractive event.

The kinematic variables are similar to
those for DIS with the following additions:

t = (p� p
0)2 is the square of the momentum

transfer at the hadronic vertex. The
variable t here is identical to the one
used in exclusive processes and gen-
eralised parton distributions (see the
Sidebar on page 43).

M2
X = (p� p

0 + k � k
0)2 is the squared

mass of the di↵ractive final state.

⌘ = � ln(tan(✓/2)) is the pseudorapidity of
a particle whose momentum has a rel-
ative angle ✓ to the proton beam axis.
For ultra-relativistic particles the pseu-
dorapidity is equal to the rapidity, ⌘ ⇠

y = 1/2 ln((E + pL)/(E + pL)).

At HERA, gaps of several units in rapidity have been observed. One finds that roughly
15% of the deep inelastic cross-section corresponds to hard di↵ractive events with invariant
masses MX > 3GeV. The remarkable nature of this result is transparent in the proton
rest frame: a 50TeV electron slams into the proton and ⇡ 15% of the time, the proton is
una↵ected, even though the virtual photon imparts a high momentum transfer on a quark
or antiquark in the target. A crucial question in di↵raction is the nature of the color neutral
exchange between the proton and the virtual photon. This interaction probes, in a novel
fashion, the nature of confining interactions within hadrons.

The cross-section can be formulated analogously to inclusive DIS by defining the di↵rac-
tive structure functions FD

2 and F
D
L as

d
4
�

dxB dQ2 dM2
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=
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In practice, detector specifics may limit the measurements of di↵ractive events to those
where the outgoing proton (nucleus) is not tagged, requiring instead a large rapidity gap
�⌘ in the detector. t can then only be measured for particular final states X, e.g. for J/ 
mesons, whose momentum can be reconstructed very precisely.
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Realization of EIC: eRHIC vs. JLEIC 
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¡  5-10	GeV	electron	ring	
(upgradable	to	20-30	GeV)	

¡  50-250	GeV	proton/ion	

NSAC	long	range	plan	(2015)	

¡  3-10	GeV	electron	ring	
10-100	GeV	proton/ion	

BNL	design	 JLab		design	

		Q
2 = x. y.s

Various	CM	energies	possible.	
Example:	10	GeV	e	on	100	GeV	p	-	CM	
energy	of	~60		GeV		

Emphasis on high energy Emphasis on high luminosity



A U.S-based EIC: status  
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Electron Ion Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

1

ar
X

iv
:1

21
2.

17
01

v2
  [

nu
cl

-e
x]

  3
 F

eb
 2

01
3

• 2007 NSAC Long Range Plan: recommendation to 
develop a conceptual of the accelerator and detector 
guided by the physics program  

• 2010: 10-week INT program (Seattle, USA) “Gluons and 
quark sea at high energies”, arXiv:1108.1713 

• 2013: EIC White Paper, arXiv:1212.1701, EPJ A52 (2016) 268  

• 2015 NSAC Long Range Plan:

EIC Timeline and Status
• NSAC Long Range Plan 2007
 - Recommendation: $6M/year for 5 years for
   machine and detector R&D

• Goals for Next Long Range Plan 2012
  - high-level recommendation for construction 

• EIC Roadmap
  - finalize detector requirements from physics    2008
  - conceptual detector designs                             2010
  - EIC design decision                                         2011

The 2015  
LONG RANGE PLAN  

for NUCLEAR SCIENCE

 REACHING FOR THE HORIZON

The Site of the Wright Brothers’ First Airplane Flight

“We recommend a high-energy high-luminosity 
polarized EIC as the highest priority for new 
facility construction following the completion of 
FRIB.”

• 2017 assessment of NAS: Full support.
“An EIC is timely and has the support of the nuclear science community. 
The science that it will achieve is unique and world leading…” 



EIC: organization  
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•  EIC working groups at BNL, https://wiki.bnl.gov/eic/ and JLab, https://
eic.jlab.org/wiki/index.php/Main_Page 

• Electron-Ion Collider User Group since 2016: > 800 scientists from > 170 
institutes and universities, http://www.eicug.org/web/ 

• Yearly POETIC (Physics Opportunities at an Electron-Ion Collider) 
conferences. Latest one in Regensburg (Germany), https://indico.cern.ch/
event/663878/ 

• EIC talks at all major particle and nuclear physics conferences.

https://wiki.bnl.gov/eic/
https://indico.cern.ch/event/663878/
https://indico.cern.ch/event/663878/
https://indico.cern.ch/event/663878/
https://indico.cern.ch/event/663878/
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l High-energy and high-luminosity polarized EIC is viewed as a key facility to 
study fundamental questions of QCD.  

l The main aim of the EIC physics program is to understand the microscopic 
nature of the visible matter in the language of quarks and gluons of QCD. 

l In particular, it is planned to study: 
l the spin- and 3D-structure of the proton 
l the role of nuclear matter in the distribution of quarks and gluons 
l propagation of color charges (hadronization)  
l possible onset of a new regime of high-density saturated gluonic matter. 

• EIC has full support of the U.S. nuclear physics community. Next steps is to 
obtain CD0 (“Mission Need” statement, expected in 2018) and CD1 (design 
choice and site selection, expected in 2019).

Summary


